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Abstract
For the first time in the implantable biomaterials field, efficient hydrothermal cation exchange
methods were developed suitable for mass-production of implantable material. The cation
exchange conditions were performed by various methods of temperature, pressure, and time
exposure. To confirm both chemical and physical alteration of the scaffold, XRD shift analysis,
EDX atomic composition, and SEM imaging were conducted. The optimal results are to use
aqueous solutions of 0.5 M chloride salts in sealed heated containers at 180 ˚C for eight hours.
Cation exchange capacities are determined for K+, Na+, Li+, Ca2+, and Sr2+; future studies
demanding durable, highly specific composition of a biocompatible material are needed.
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Introduction
Titanium alloys are currently the most common orthopedic and dental implant material
(Elias, Lima, Valiev, & Meyers, 2008). In biomaterials science, titanium materials are frequently
used; they have been studied extensively because of their low toxicity, anticorrosion properties,
and their capacity for photocatalytic sterilization (Bavykin, Friedrich, & Walsh, 2006). One
current barrier to in vivo titanium use is poor long-term cell adhesion to the unaltered smooth
titanium (Elias et al., 2008). While the use of bone cement and coatings has emerged as a
temporary solution, fatal complications have not been eradicated. New obstacles of nerve root
damage and pulmonary embolism from bone cement leakages have caused the Federal Drug
Administration (FDA) to issue a strong advisement against the use of bone cement in load
bearing application (Schultz, 2004). The need for a new multifunctional implant material is
pressing and the titanate nanofiber-bioscaffold in this study shows great promise.
Various modified nanostructures, such as those with rigid surfaces that provide enhanced
focal adhesions, have been observed to promote cellular adhesion and proliferation, leading to
longer lasting implants (Biggs, Richards, & Dalby, 2010). The unique physical and chemical
characteristics offer advantages extending beyond medical applications to many industrial
applications such as solutions that need quick and specific exchanges of cation (Larsson et al.,
1996).
One such structure is a titanate nanofiber-bioscaffold that is thermodynamically stable,
low cost, robust, and capable of supporting cell-proliferation due to the nanofiber-assembled
macroporous scaffold (Dong et al., 2007). Such titanate nanofiber-bioscaffold can be seen in
Figure 1(a); it is made of titanate nanofibers grown on titanium in a manner to form a
macroporous structure. The titanate nanofiber-bioscaffold has been previously shown to sustain
mesenchymal stem cell and osteoblast cell growth as well as exhibit drug release properties,
further propelling it as a future implant material (Dong et al., 2006). However, the titanate
surface has a high basicity that is deadly for cells right after the alkali hydrothermal synthesis. In
order to improve upon this bioscaffold, variables in the synthesis and post-synthesis procedures
have been explored. In addition, assays for controlled chemical alterations of the scaffold were
developed that can be useful in applications demanding highly specific chemical composition of
a durable biocompatible material (Biggs et al., 2010; Henrotin et al., 2001).
Reported here is an efficient washing method for the preparation of NayH2-yTinO2n+1
(xH2O) nanofiber-bioscaffold and the subsequent efficient cation exchange with Li+, Na+, K+,
Ca2+, and Sr2+ using various chloride salts at concentrations similar to that at plasma and cellular
conditions. The hydrothermal reactions between NayH2-yTinO2n+1 (xH2O) and chloride salts in an
autoclave-liner proved to be the most efficient method for cation exchange. These results will
allow future researchers to accomplish more precise alterations needed for studies demanding
unique, stable, and precise control over the material and environment because of ion sensitivity
of cellular proliferation (Henrotin et al., 2001). For example, osteoblast cells have been known to
flourish in environments of elevated Sr2+ and Ca2+, yet Sr2+ is a known toxin at high levels;
therefore an implant with controllable amounts of Sr2+ offers a great advantage over other
implant materials in monitoring the growth of osteoblast cells (Health Effects, 2008; Henrotin et
al., 2001; Marie & Hott, 1986).
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Figure 1. Characterizations of starting Sodium titanate nanofiber-bioscaffold.
(a) SEM image low magnification. (b) SEM high magnification. (c) XRD
pattern with titanate nanofiber peaks labeled ; other peaks are titanium. (d)
EDX plot of atomic ratio.

Methods
Synthesis of Titanate Nanofiber-bioscaffolds
Prior to nanofiber-bioscaffold synthesis, a titanium foil 0.127 mm thick from Alfa Aesar
was cut into approximately 1cm2 piece and then sonicated in an acetone-filled, Teflon-lined
container for 20 minutes. Subsequently, the container and substrate were rinsed with deionized
water and blotted dry. The substrate was submerged in 1.0 M NaOH aqueous solution. The
container was then placed in a digestion bomb, sealed tightly and heated at 240 ˚C for four hours.
After three hours of cooling, the vessel was removed from the oven. The treated titanium
substrate was removed from the alkali solution and rinsed with deionized water until the rinsed
water had a pH around 7 as measured by a Mettler Toledo SevenEasy pH Meter. Ethanol
washing showed a quicker pH reduction and efficient washing but was not used in order to keep
the scaffold washing method constant throughout the whole study. Acetone, also tested, was
found to be very inefficient as a washing solution. The substrate with titanate nanofiberbioscaffold was then left to air-dry at 25˚C.
Cation Exchange
In this study, several assays for cation exchange of the nanofiber-bioscaffold were
explored for the first time using aqueous salt solutions at varying temperatures, time, and stimuli.
The aqueous salt solutions used for cation exchange are solutions of Sr(OH)2, Ca(OH)2, SrCl2,
CaCl2, KCl, LiCl, and NaCl with molarities up to 2 M. The temperature used in the different
methods ranged from 25˚C to 260˚C. The time of each method varied depending on the method,
ranging from 30 minutes to 30 days. The varying time between methods is because of the
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preliminary results, not shown explicitly here, that determined when the scaffold reached an
equilibrium, preventing further cation exchange. The various stimuli used to induce cation
exchange consisted of soaking, stirring, centrifugation, and heat.
Cation exchange was first attempted by soaking the titanate nanofiber-bioscaffold in
aqueous solutions in separate beakers from an overhead clip submerged in the middle of the
solution to create a point of reference and to determine if cation exchange occurred. The stirring
method also used this same set-up on top of a stir plate with a magnetic stirring from one hour to
21 days at a speed of up to 200 rpms. After the stirring experiment, the stirring method was
repeated with the addition of heat through an oil bath up to 75 ˚C. Centrifugation and vibration
consisted of 1, 2, & 5 minute intervals in a Precision Centrifuge Durafuge 100 followed by 30
second intervals of vibrations on a VWR mini-Vortexer.
Pressurized Teflon-lined autoclaves filled with aqueous solutions were used at
temperatures ranging from 80˚C to 260˚C over 1-24 hour time ranges. All samples were washed
by dilute salt solution at one-half the concentration used in each particular trial after the cation
exchange trial and before the characterizations.
Characterizations
A Rigaku Miniflex II Desktop X-Ray Diffractometer (XRD) was used to confirm the
titanate nanofiber-bioscaffold composition after first synthesis and by peak shifts after each
cation exchange attempt. Quorum Technologies SC7620 Mini Sputter Coater was used to apply a
gold coating on the scaffold to increase surface conductivity for further characterization using a
Tescan Vega-II Scanning Electron Microscope (SEM) and FEI Nova Nanolab 200 High
Resolution SEM & Energy Dispersive X-Ray (EDX). The SEM was used to confirm the
structural integrity before and after the cation exchange, along with EDX measurements for the
determination of the extent of cation exchange of each cation in the various methods.
Results & Discussion
Soaking the titanate nanofiber-bioscaffold in the various salt solutions served as a
benchmark for comparing the effect of different variables on the rate and effectiveness of
spontaneous cation exchange. Although ionic exchange of this scaffold has not been previously
attempted, our group has had success (in unpublished data) using similar nanofibers grown in
solution as opposed to on a substrate. To check whether the structural integrity of the scaffold is
maintained, SEM images were taken before and after cation exchange for every sample.
Strontium cation exchange was used as a representative treatment and shows the SEM images
before [Figure 1(a) & 1(b)] and after cation exchange [Figure 2(a) & 2(b)] while all other image
data are not shown due to similar imaging results that can be portrayed by these images.
Importantly, the structural integrity was not affected by the elevated pressure and temperature
method of cation exchange while other less ideal methods, such as high concentration or long
time exposure, allowed alterations in the form of precipitate on the surface that were determined
from SEM images (not shown here) of distorted scaffolds. The extent of cation exchange was
estimated by using EDX to calculate atomic ratios. As a representative example, note the
different EDX plots for Na+ [(Figure 1(d)] following exchange with Sr2+ [Figure 2(d)].
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Figure 2. Characterizations of strontium titanate nanofiberbioscaffold after 8 hours autoclaved in 0.50 M SrCl2 at 180˚C. (a)
SEM image low magnification. (b) SEM high magnification. (c)
XRD pattern peak shift indicating d-space change. (d) EDX plot of
atomic ratio.

The titanate XRD pattern shown in Figure 1c provided independent confirmation of
cation exchange via peak shift measurements. The titanate peak (110) at 24.30˚ 2θ was compared
to an internal standard of pure titanium at 63.73˚ 2θ because the interplane (d-space) was on the
same h, k, l plane with miller indices of (110). Using Bragg’s Law, the 2θ may be converted to dspace (d) by using the 0.154 nm wavelength (λ) of the x-ray in the equation 𝑑 = 𝜆/(2 sin(θ))
(Falconer, deGracia, Medlin, & Nicodemus, 2011). The 2θ measurements observed are not
reported; however, the resulting most optimal d-space alteration calculations are shown in Table
1 for exposure in 0.5M chloride solutions at 180 °C for eight hours. The difference in calculated
d-space before and after various treatments proved to be a reliable indicator of cation exchange
because the greatest d-space changes corresponded with the changes in atomic radii between the
original cation and exchanged cation.
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Table 1
XRD determined d-space shifts after cation exchange
0.5 M
Electrolyte
(aq) solutions
d-space shifts

KCl

SrCl2

CaCl2

NaCl

LiCl

0.0368 nm

0.0455 nm

-0.0153 nm

0.0122 nm

-0.01744 nm

The XRD pattern of the titanate nanofiber-bioscaffold in Figure 1(c) corresponds to
NayH2-yTinO2n+1 (xH2O) as opposed to the previously suggested H2TinO2n+1 (xH2O) (Dong et al.,
2007). The authors’ interpretation differed from the results reported here most likely due to
differing washing methods or other variables factoring between synthesis and XRD scans. If the
originally proposed hydrogen titanate scaffolds were true, one would not expect the drastic dspacing decrease by 0.03 nm seen when exposed to deionized water at room temperature; one
would also not expect the reduction of sodium as reported by EDX results in Table 3. By using
various anhydrous cations to exchange, the sodium titanate form is further confirmed because Li+
and Ca2+, with smaller atomic radii than sodium, both decreased the d-space while Na+ caused
little change and K+ and Sr2+, with larger atomic radii, increased the d-space. Table 1 depicts the
results from eight hours of exposure to 0.5 M chloride salts at 180 ºC.
As a form of titanate with variable cation composition, the electrostatic interaction
between the cations and anionic titanate strongly suggests an opportunity for cation exchange.
The initial nanofiber-bioscaffold is purposed as being a mixture of sodium and hydrogen ions
due to the NaOH aqueous solution used in synthesis and thus from the known ionic radii of
hydrogen and sodium the original d-space is believed to be between 0.053 nm and 0.095 nm
(Evans & Weber, 1999).
From a control study, soaking the nanofiber-bioscaffold in deionized water, a faster rate
of proton exchange can be seen than other cation exchanges with larger ions, not shown
explicitly in the figures but observed by XRD analysis. This finding is most likely due to the
original basic surface of the scaffold and the spatial arrangement kinetically favoring the
integration of smaller ions, such as protons, with the release of the larger sodium ions into
solution (Evans & Weber, 1999). The scaffold control study soaked in deionized water began to
reach equilibrium and near maximum exchange for sodium between days 3 and 14, apparent by
the leveling off of the d-space change at a decrease of 0.03 nm. In contrast, the other samples
soaked in chloride salt solutions continued cation exchange at a near linear rate with no
inclination of becoming fully exchanged with the cations within 30 days. However, these
samples did show gradual interplane modifications indicating a very slow transfer of ions
between the solution and scaffold as can be seen by the SrCl2 solution used in Figure 3(a).
Strontium cations were used to compare the different cation exchange assays because of
the distinguishable ionic radius differences from sodium and hydrogen, in addition to inherent
advantages of using strontium titanate scaffolds for bone implants. After the assays were refined,
further cations (Li+, Na+, K+, Ca2+) were explored. Strontium chloride was the electrolyte
examined as the chloride ions did not appear to affect the scaffold compared to the strontium and
calcium hydroxides that presented topical surface modifications seen by SEM imaging. The
XRD peak analysis of the strontium and calcium hydroxide treated samples resemble the
unaltered crystalline structure, similar to that in Figure 1(a), suggesting the alterations were most
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likely due to a precipitate on the surface or further hydroxyl attachment to the scaffold. These
alterations may be an indication of undesirable layered double hydroxides (Braterman, Xu, &
Yarberry, 2004). The uses of hydroxides are thus less favorable than chloride salts for cation
exchange.
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Figure 3a & b. (a) Time study of cation exchange in 0.50 M SrCl2 at varying
temperatures, without the use of autoclave. (b) Time study of autoclave induced
cation exchange using SrCl2 at 180˚C.

On the basis of agitating the electrostatic interaction between the original hydrogen and
sodium cations within the titanate, a stirring assay was first attempted at up to 21 days. XRD
analysis of the titanate peak shifts showed similar d-space changes to the scaffolds soaked in
electrolyte solution without any agitations while maintaining the scaffold structure after stirs at
200 rpm. EDX of the sample showed a reduction in atomic composition of sodium from 6.24%
to 2.28% and an increase in strontium from 0% to 3.57%, indicating some cation exchange. Since
mechanical agitation by stirring had little effect on the scaffold ionic composition, annealing was
hypothesized to have a stronger effect in disrupting the chemical bond within the nanofibers.
This was explored by elevating temperatures of the aqueous solutions in an oil bath in addition to
the stirring. Figure 3(a) compares the results of stirring, stirring with heat, and the undisturbed
soaking assays, depicting a more dramatic improvement with even mild heat.
In addition to the heating and stirring, another method was explored through
centrifugation and vibration repeats, which have been effective for the solution-based nanofibers.
However, for the solid state nanofiber-bioscaffold in this study, this method quickly revealed
poor results due to uneven pressure upon the scaffold by the centrifuge that revealed inconsistent
XRD patterns, indicating degraded parts of the scaffold and confirmed by SEM images.
Due to the faster cation exchange rate at elevated temperatures, an autoclave was used to
induce cation exchange at varying temperature, time, and concentration of electrolyte. From
trials using 0.10 M, 0.50 M, and 1.0 M SrCl2 solutions for four hours at different oven
temperatures, 180ºC yielded the most optimal rate of cation exchange without any structural
corruption. Below 180⁰C the change was not as drastic, while above 180⁰C the SEM pictures
showed superficial deterioration or electrolyte precipitate due to the elevated pressure and heat.
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As seen in Figure 3(b), depicting the d-space changes of autoclave experiments over various
times, at least eight hours is needed for optimal cation exchange with the cations in solution
while at times, over eight hours, an equilibrium appears to develop between the solution and the
scaffold as no further d-space change could be observed when using strontium for the exchange
cation. Table 2 showing data from 0.5 M SrCl2 at 180ºC supports this conclusion as the atomic
ratio of the titanate nanofiber-bioscaffold showed no further increase in strontium after eight
hours in an autoclave and a complete reduction of sodium.
Table 2
Atomic ratio of strontium exchanged titanate nanofiber-bioscaffold
Oxygen
Titanium
Sodium
Strontium

4 hours
0.6371
0.2986
0.02510
0.0392

8 hours
0.6415
0.2901
0
0.0684

12 hours
0.6211
0.3157
0
0.0632

The concentration dependence of strontium chloride had less effect on the cation
exchange rates than the elevated temperature and pressure as well as time exposed to solutions
shown by the mild disparities between the incorporated concentrations illustrated in Figure 3(b).
However, at concentrations above 0.5 M, there were often unwanted discrepancies in the scaffold
structure similar to the trial above 180˚C and extra peaks emerging on XRD analysis around a 2θ
of 32.1˚, indicating a precipitate may be forming on top of the scaffold under elevated pressures.
This accounts for the less predictable d-space change seen in Figure 3(b) at 1M SrCl2. Further
tests were completed with the same three varying concentrations of NaCl, KCl, CaCl2, LiCl, and
H2O at four and eight hours to confirm these results. These samples were then examined through
XRD to determine the optimal d-space change due to the respective cation exchange shown in
Table 1. SEM analyses showed that the scaffold’s surfaces were constant before and after the
autoclave treatment using salt solutions of 0.5 M, confirming the high-temperature stability of
the scaffold during cation exchange under such conditions.
Finally, the samples were inspected via EDX in order to determine the exact amount of
cationic exchange shown in Table 3, depicting the results of 0.5 M chloride aqueous solutions at
180 ºC in autoclave liners for eight hours. The atomic composition of the scaffold fluctuated per
sample and location quantified because top layers of nanofibers contain higher atomic
composition of oxygen compared to those closer to the basal portion of the scaffold with higher
concentrations of titanium. The results contain the percent atomic composition of gold and
carbon that can be ignored, because they are present due to the sample preparation from coating
and adhesion, respectively. The smaller atoms, such as lithium and hydrogen, could not be
detected because the spectrometer’s beryllium window cannot detect any atom smaller than
sodium (Piburn & Barron, 2012). With all of these varying factors taken into account, one can
determine the extent of cation exchange by the absence of chloride, the decrease in sodium
present, and the elevated presence of the cation correlating to the electrolyte solution used.
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Table 3
Atomic ratio of cation exchanged titanate nanofiber-bioscaffold
control

Na+

Li+

K+

Ca2+

Sr2+

H2O

Oxygen

0.6339

0.6344

0.6305

0.5884

0.6303

0.6415

0.6591

Titanium

0.2997

0.2994

0.3695

0.3507

0.3126

0.2901

0.3409

Sodium

0.0664

0.06620

0

0

0

0

0

Hydrogen*

0

0

0

0

0

0

0

Lithium*

0

0

0

0

0

0

0

Potassium

0

0

0

0.06090

0

0

0

Strontium
Calcium

0
0

0
0

0
0

0
0

0
0.0671

0.0684
0

0
0

*EDX cannot detect lithium and hydrogen atoms

The comparison of products obtained from treating scaffolds using SrCl2 in the autoclave
for 4, 8, and 12 hours shows a distinct decrease in sodium present over time with optimum cation
exchange predicted between four and eight hours; no further increase in strontium indicates that
not only is all of the sodium removed from the d-space but also all of the hydrogen has more
than likely been exchanged with strontium. These results show how to alter the chemical
composition of the titanate nanofiber-bioscaffold while maintaining the structural integrity.
Further studies may be able to use these methods to create materials that need distinct chemical
composition or to apply these cation exchange techniques to similar nanostructures.
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